mean GSM scores for quintiles 1-5 were 48, 72, 90, 105, and 128, respectively. Current smokers had over a two fold increased risk of having GSM in quintile 1 (odds ratio (OR) = 2.17; 95% confidence interval (CI), 1.34-3.52), quintile 2 (OR = 2.33; 95% CI, 1.42-3.83), quintile 4 (OR = 2.05; 95% CI, 1.19-3.51), and quintile 5 (OR = 2.13; 95% CI, 1.27-3.56) but not in quintile 3 (OR = 1.18; 95% CI, 0.67-2.10) as compared to never smokers in fully adjusted models. Former smokers had increased risk in quintile 2 (OR = 1.46; 95% CI, 1.00-2.12), quintile 3 (OR = 1.56; 95% CI, 1.09-2.24), quintile 4 (OR = 1.66; 95% CI, 1.13-2.42), and quintile 5 (OR = 1.73; 95% CI, 1.19-2.51), but not in quintile 1 (OR = 1.05; 95% CI, 0.72-1.55). Conclusions: A nonlinear, V-shaped-like relationship between current cigarette smoking and plaque echodensity was observed. Former smokers were at the highest risk for plaques in high GSM quintiles. Thus, current smokers were more likely to have either soft or calcified plaques and former smokers were at greater risk of having only echodense plaques when compared to those who have never smoked. Further research is needed to determine if plaque morphology mediates an association between smoking and clinical vascular events.
Introduction
Cigarette smoking is a significant risk factor for atherosclerotic vascular disease [1] . Studies have linked current cigarette smoking to increased carotid intima-media thickness (IMT) [2] , endothelial dysfunction [3] , reduced flow-mediated dilation, and carotid plaque [1] , ultimately leading to an increased risk of ischemic stroke [4, 5] .
Moreover, the cumulative smoking exposure in current smokers is a significant risk factor for carotid atherosclerosis, while the duration of smoking cessation in former smokers is inversely associated with carotid atherosclerosis [6] . However, little has been reported on the effect of smoking on carotid plaque morphology. Plaque pathogenesis arises from complex plaque morphology, inflammation, and rupture from plaque instability [7, 8] . Both stenotic plaque and plaque with minimal luminal effect are associated with an increased risk of incident ischemic cerebrovascular events [9] . Vulnerability of carotid plaque is conferred by increased risk to rupture and thromboembolism, and has been increasingly recognized as an important factor for identifying patients at risk for stroke or other vascular ischemic events [10] .
Carotid ultrasonographic gray-scale median (GSM) is a computer-assisted index used to identify vulnerable plaques by their echodensity [11] . Histological observations have confirmed that low GSM values corresponded to echolucent plaques with features that included high lipid content, hemorrhagic areas in a necrotic core, and a thin fibrous cap, whereas high GSM index correlated to echogenic plaques of high fibrous content and calcification [12] . In a recent meta-analysis, the presence of ultrasound-determined echolucent carotid plaque was associated with an increased risk of ipsilateral stroke across all carotid stenosis severities [13] . Studies have also linked echodense plaques to greater cerebrovascular disease risk [10, 14] . Therefore, the GSM score can help identify patients with vulnerable plaque at an increased risk of stroke.
Although extensive research has been conducted on the association of smoking with IMT, endothelial function, and carotid atherosclerosis, there is a lack of understanding of the relationship between smoking and carotid plaque morphology. The increased risk of vulnerable plaque formation is an additional pathological mechanism that needs further consideration because it may mediate stroke risk from cigarette smoking. Given that both echolucent and echodense plaques can increase cerebrovascular event risk [10, [13] [14] [15] [16] , we hypothesized that current cigarette smoking is associated with increased risk of carotid plaque at all echodensity levels, but the elevation of risk would be the highest for less echogenic plaques expressed by low ultrasonographic GSM index. Therefore, we sought to determine the relationship between cigarette smoking and the risk of ultrasound-derived plaque morphology in a large, urban, multiethnic population from Northern Manhattan.
Methods

Study Population
Subjects were participants of the Northern Manhattan Study (NOMAS), an ongoing, prospective, population-based study of stroke incidence and vascular risk factors in an urban, multiethnic population [17] . Methods of NOMAS recruitment and enrollment have been previously described [18] . In brief, NOMAS enrolled 3,298 subjects who were identified by random digit dialing. Inclusion criteria were (1) age ≥ 39 years, (2) no prior history of stroke, and (3) had resided in the Northern Manhattan area for at least 3 months with a telephone. The study was approved by the Columbia University Medical Center and the University of Miami Institutional Review Boards. All participants gave informed consent. Using a cross-sectional design, the current study is an analysis of a subsample of NOMAS participants who received carotid ultrasound and evaluation of carotid plaque morphology by GSM.
Baseline Assessment of Covariates
Baseline data were collected through interviews of the community participants using standardized data collection instruments [19] and physical and neurological examinations. Ethnicity based on race was determined through self-identification using a series of questions modeled after the US census. Baseline questionnaires included questions about cigarette smoking behavior, number of cigarettes smoked, age at which smoking started and stopped, and current smoking patterns. Cigarette pack-years were calculated as the number of years smoked multiplied by the number of cigarettes smoked per day, then divided by 20. Hypertension was defined as systolic blood pressure (BP) ≥ 140 mm Hg or diastolic BP ≥ 90 mm Hg or a patient's self-report of a history of hypertension or use of antihypertensive medications. Dyslipidemia was defined as cholesterol levels >200 mg/dl or self-reported history of increased blood cholesterol levels or cholesterol-lowering medication use. Diabetes mellitus was defined as fasting blood glucose ≥ 126 mg/dl or the patient's self-report of such a history or use of insulin or hypoglycemic medications. Body mass index (BMI) was calculated in kg/m 2 . Physical activity was defined as the frequency and duration of 14 different recreational activities during the 2-week period before the interview, as described previously [20] . Moderate alcohol use was defined as current drinking of >1 drink per month and ≤ 2 drinks per day.
Assessment of Carotid Plaque GSM
High-resolution B-mode ultrasounds (GE logIQ 700, 9-to 13-MHz linear-array transducer) were performed by trained and certified sonographers as previously detailed [21] . Left and right carotid bifurcations and internal and common carotid arteries were Yang et al. 138 examined for the presence of plaque. Plaque was defined as an area of focal wall thickening 50% greater than surrounding wall thickness confirmed by marking and comparing plaque thickness with the thickness of the surrounding wall during scanning by electronic calipers. After image normalization using linear scaling, GSM of an operator-selected blood region inside the vessel lumen was mapped to 0 and the brightest region of the adventitia was mapped to 255 using M'Ath (Imt, Inc., Paris, France) [22] . Both of these reference regions were approximately 0.4 mm 2 in area and were selected on the first image of the image sequence. The reference GSM values calculated on the first frame were applied to that and all subsequent images. GSM was expressed for each plaque.
Statistical Analysis
For individuals with multiple carotid plaques, the GSM value was calculated as the mean GSM across the plaques, weighted by the plaque area for each plaque, such that the GSM for larger plaques contributed more to the calculation of the individual's GSM value. We examined the weighted mean GSM as a categorical variable with no plaque as the reference category. Individuals with plaque were divided into quintiles of weighted mean GSM, resulting in 6 categories of the dependent variable (quintile 1, quintile 2, quintile 3, quintile 4, quintile 5 vs. no plaque). We conducted sensitivity analyses defining plaque GSM alternatively for those with multiple plaques. Specifically, the GSM in the plaque with the largest area was calculated, and those with plaque were divided into GSM quintiles and compared to no plaque as the reference category.
We used multinomial logistic regression to examine the relationship between cigarette smoking and plaque GSM categories. Cigarette smoking was modeled in 2 ways: continuously in packyears, and categorically as current smoking (in the past year from baseline assessment), former smoking, and never smoking [20] . We constructed a series of 2 models: (1) adjusted for age, sex, and race/ethnicity and (2) additionally adjusted for high school completion and vascular risk factors (moderate alcohol use, moderateheavy physical activity, BMI, systolic blood pressure, diastolic blood pressure, anti-hypertensive medication use, diabetes, LDL, HDL, cholesterol-lowering medication use, aspirin use). We added interaction terms to model 2 to examine potential effect modification by the demographic variables for the associations between cigarette smoking and weighted GSM. We also examined the association of the covariates of interest (demographic and vascular risk factors) with categories of cigarette smoking using Chi-square tests.
Results
Among 1,746 NOMAS participants, the mean age was 65.5 ± 8.9 years, 60% were women, 18% white, 63% Hispanic, 19% black. There were 14% current cigarette smokers, 38% former cigarette smokers, and 48% never smokers. The mean pack-years of cigarette smoking were 12.5 ± 23.3, and the median was 0.18. Table 1 shows the distribution of demographic and vascular risk factors in the study population overall and stratified by cigarette smoking category. Current smoking was associated with younger age, male sex, black race, high school completion, moderate alcohol use, physical inactivity (none to light), lower BMI, no hypertension, and no dyslipidemia in univariate analyses. Carotid plaque was present in 58% of the study population, 21% with a single plaque and 37% with multiple plaques ( table 2 ) . Those who had never smoked had less plaques and smaller number of plaques than current or former smokers. Current and former smokers had very similar frequency of plaque numbers. Table 3 shows the weighted mean GSM across the GSM quintiles.
The association between cigarette smoking modeled categorically, in relation to the weighted mean GSM in the sequence of two multinomial logistic regression models is shown in table 3 . Former smokers had an increased risk of having GSM in quintiles 2-5 as compared to never smokers, and odds ratios (ORs) appeared to increase with greater GSM. In contrast, the relationship for current smoking had an approximate V-shaped-like relationship with GSM quintiles, such that current smokers had GSM more likely to be in quintiles 1, 2, 4, and 5 as compared to those who never smoked, with no increase in risk for quintile 3 ( fig. 1 ). This association was also apparent in a sensitivity analysis in which the GSM value for those with multiple plaques was calculated as that from the plaque with the largest area (data not shown). When cigarette smoking was modeled continuously in pack-years, a positive association was observed for all 5 GSM quintiles (OR = 1.01; 95% confidence interval (CI), 1.00-1.02) in comparison to no plaque (data not shown). Adjustment for vascular risk factors did not substantially attenuate the associations. No interaction was observed between the demographic variables (age, sex, race/ethnicity) and the smoking variables in relation to GSM.
Discussion
In the urban multiethnic population involved in this study, current cigarette smokers were at an increased risk of having either predominately echolucent or predominantly echodense carotid plaque when compared to never smokers. This association simulates a nonlinear, V-shaped-like relationship between current cigarette smoking and plaque echodensity. Former cigarette smokers, however, had the greatest risk for echodense carotid plaque. Continuously increasing pack-years were associated with all levels of plaque echodensity. Together, these results suggested complex mechanisms that underlie the cumulative burden of smoking and benefits of smoking cessation with carotid plaque morphology.
GSM is an ultrasonographic measure of plaque echodensity that closely relates to plaque histological morphology [11, 12, 23, 24] . Low GSM values correspond to predominately echolucent plaques that are lipid-rich with thin fibrous caps susceptible to rupture by hemodynamic shear stress and local macrophage activity [25] . Echolucent plaques have been associated with increased risk of stroke [26] [27] [28] . In a recent meta-analysis of 7 studies including 7,557 subjects with a mean follow-up of 37.2 months, predominately echolucent carotid plaques were associated with an increased risk of ipsilateral stroke regardless of the stenosis severity [13] . Plaque echolucency was also shown to improve selection and risk stratification of patients undergoing carotid endarterectomy or stenting [15] and to monitor for plaque stabilization after statin treatment [29] . High GSM values represent echodense plaques with more fibrous and calcified content [12] . Echodense plaques are more likely to be found in asymptomatic patients with carotid stenosis and their association with stroke risk is less clear [30] . Thickened fibrous cap reduces proximity of the necrotic core to the vessel lumen and circulating thrombus-forming agents to provide a protective effect [28] . However, some studies have suggested differential shear stress and cap tension from micro-calcifications of a heterogeneously structured plaque [31] [32] [33] . Calcified nodules were present within close proximity to the luminal surface risk extruding through and rupturing the cap [10] . Additionally, calcified carotid plaque may be a marker of an active atherosclerotic process in other arterial segments or vascular beds, and therefore may be associated with increased risk of CVD [16] .
Cigarette smoke exposure adversely affects all stages of plaque formation that involve endothelial dysfunction leading to increased thrombogenicity of the artery wall [1] . Stable aldehydes in cigarette smoke contribute to volatile free radical generation that impairs endothelial ability to maintain cellular levels of nitric oxide and triggers an inflammatory cascade [34] . Chronic inflammation can damage endothelial cells to expose subendothelial matrix to circulating thrombogenic factors [35] . Nicotine and smoke exposure further complicate thrombus formation by precipitating factors that may mediate plaque vulnerability. These factors include increased activity of metalloproteinases that degrade extracellular matrix of plaque caps [36] , macrophage infiltration from systemic inflammation [37] , immature vessel formation prone to hemorrhage [38] , and increased plaque thrombogenicity from expression of tissue factor [39] . These processes may underlie our reported associations of smoking with a wide range of the plaque GSM levels, depending on the chronicity and type of the arterial wall injury and dysfunction.
We also reported an increased risk of higher GSM plaque, but not lower GSM plaque, among former smokers when compared to never smokers. Previous studies reported benefits for reduction of carotid IMT and lumen diameter with smoking cessation [5, 6] but have not examined the effects of smoking cessation on plaque morphology. Additionally, our data showed similar associations across all GSM levels with increasing pack-years, indicating the cumulative effects of smoking on all types of plaque morphology with their potential risk for stroke as previously demonstrated [3, 6, 8] . Although we could not examine a temporal trend in our analysis, the different relationships between smoking and the plaque GSM levels highlighted complex changes in plaque morphology with cumulative smoking exposure as well as with smoking cessation that warrant further investigation.
Strengths of our study included the population-based design and diverse ethnic population, which made our results more generalizable for multiethnic populations. Further, in busy clinical settings or large epidemiological studies, the ultrasound protocol of measuring IMT may be too time-consuming and expensive, whereas techniques of imaging of carotid plaque may be easier and more costeffective. Our analyses determined a mean GSM value weighted by plaque area, providing a single GSM value for individuals with multiple plaques that may better represent the plaque morphology dominance in their arteries. This is both a strength and a weakness, as it involves some degree of misclassification of individuals with multiple plaques of varying echodensity. Specifically, individuals with both low and high GSM plaques may be classified in the intermediate GSM range when in reality they have both echolucent and echodense plaque and therefore may be at greatest risk due to vulnerable plaque presence. However, our results did not change in our sensitivity analyses in which the GSM value for those with multiple plaques or plaques with the largest areas were analyzed.
Perhaps the most important limitation is that the analysis is cross-sectional, limiting inferences about temporality and causality. Further limitations included our relatively small sample size for current smokers, which may have restricted the detection of a significant association with GSM quintile 3. However, the V-shaped relationship is still supported by the fact that the effect estimate for current smokers (vs. never smokers) in relation to GSM quintile 3 was below the 95% CI range for quintiles 1, 2, 4, and 5. In addition, cigarette smoking information was assessed by self-report and therefore some degree of misclassification is possible. Residual confounding by unmeasured vascular risk factors is also a potential source of bias. We observed no effect modification by demographic variables, including age, sex, and race/ethnicity, for the association between smoking and plaque GSM. However, the power to detect significant interactions was limited. Related studies have reported varying results in effect modification by sex for the association between carotid atherosclerosis progression and smoking [40, 41] . Additionally, we recently highlighted several novel genetic variants that may modify the effect of smoking on carotid plaque burden in Hispanics [42] ; therefore, further study is needed in other heterogeneous cohorts.
